(Received 22 June 1999)
The photoemission line shape near ͑p, 0͒ in Bi 2 Sr 2 CaCu 2 O 81d below T c is characterized by a sharp peak, followed at higher energy by a dip and hump. We study the evolution of this line shape as a function of momentum, temperature, and doping. We find the hump scales with the peak and persists above T c in the pseudogap state. We present strong evidence that the peak-dip-hump structure arises from the interaction of electrons with a collective mode of wave vector ͑p, p͒. The inferred mode energy and its doping dependence agree well with a magnetic resonance observed by neutron scattering. In the high temperature copper oxide superconductors, a small change in doping takes the material from an antiferromagnetic insulator to a d-wave superconductor. This raises the fundamental question of the relation of the electronic structure of the doped superconductor [1] to that of the parent insulator [2] . Here we examine this by using angle resolved photoemission spectroscopy (ARPES). We find that the spectra in the superconducting state near the ͑p, 0͒ point of the Brillouin zone are composed of two distinct features (the peak and the hump), precursors of which exist in the pseudogap state (the low energy and high energy pseudogaps). Their evolution and dispersion as a function of doping can be understood as arising from the interaction of the electrons with a collective mode [3, 4] which has the same ͑p, p͒ wave vector characteristic of the magnetic insulator, and whose energy decreases as the doping is reduced. This is supported by our observation that the mode energy inferred from ARPES as a function of doping correlates strongly with that obtained directly from neutron scattering data [5] , and points to the intimate relation of magnetic correlations to high T c superconductivity.
The experiments were carried out using procedures and samples described previously [6] , as well as films grown by rf magnetron sputtering [7] . The doping level was controlled by varying oxygen stochiometry, with samples labeled by their onset T c . Spectra were obtained with a photon energy of 22 eV and a photon polarization directed along the CuO bond direction. Spectra had energy resolutions (FWHM) of 17, 26, or 34 meV with a momentum window of radius 0.045p͞a. Energies are measured with respect to the chemical potential, determined using a polycrystalline Pt or Au reference in electrical contact with the sample.
We begin with the T evolution of the spectra of Bi 2 Sr 2 CaCu 2 O 81d (Bi2212) near the ͑p, 0͒ point of the Brillouin zone (inset of Fig. 1a ). In the underdoped region of the phase diagram (that lies between the undoped insulator and optimal doping, corresponding to the highest T c ), one observes a pseudogap (30 50 meV) which is very likely associated with pairing above T c , a precursor to superconductivity [6, 8] . For temperatures above the pseudogap temperature scale T ‫ء‬ [6] we see a broad peak which is chopped off by the Fermi function, as shown in Fig. 1a for an underdoped 83 K sample at 200 K. In this respect, the one-particle spectral function of the underdoped compounds, which is completely incoherent, is similar to that observed in the overdoped compounds. While there is only weak dispersion from ͑p, 0͒ ! ͑p, p͒ for T . T ‫ء‬ , there is definite loss of integrated spectral weight [9] , and one can identify the ͑p, 0͒ ! ͑p, p͒ "Fermi surface" crossing [10] .
As the temperature is reduced below T ‫ء‬ , but still above T c , we see that the spectral function remains completely incoherent, as shown in Fig. 1b for an underdoped 89 K sample. The leading edge pseudogap [6, 8] which develops below T ‫ء‬ is difficult to see on the energy scale of Fig. 1b (the midpoint shift at 135 K is 3 meV). However, a higher energy feature (the "high energy pseudogap") can easily be identified by a change in slope of the spectra as a function of energy (see Fig. 2 ). On further reduction of the temperature below T c , a coherent quasiparticle peak 0031-9007͞99͞83 (18) begins to grow at the position of the leading edge gap, accompanied by a redistribution of the incoherent spectral weight leading to a dip and hump structure [9, 11] . The peak-dip-hump line shape and the dispersion of these features will play a central role in our discussion.
The high energy pseudogap feature is closely related to the hump below T c , as seen from a comparison of their dispersions. We show data along ͑p, 0͒ ! ͑p, p͒ for an underdoped 75 K sample in the superconducting state ( Fig. 2a ) and in the pseudogap regime ( Fig. 2b) . Below T c , the sharp peak at low energy is essentially dispersionless, while the higher energy hump rapidly disperses from the ͑p, 0͒ point towards the ͑p, 0͒ ! ͑p, p͒ Fermi crossing [10] seen above T ‫ء‬ . Beyond this, the intensity drops dramatically, but there is clear evidence that the hump disperses back to higher energy. In the pseudogap state, the high energy feature also shows strong dispersion [8, 12] , much like the hump below T c , even though the leading edge is nondispersive like the sharp peak in the superconducting state.
In Fig. 3 we show the dispersion of the sharp peak and hump (below T c ), for a variety of doping levels, in the vicinity of the ͑p, 0͒ point along the two principal axes. The sharp peak at low energies is seen to be essentially nondispersive along both directions for all doping levels, while the hump shows very interesting dispersion. Along ͑p, 0͒ ! ͑0, 0͒ (Fig. 3a) , the hump exhibits a maximum, with an eventual dispersion away from the Fermi energy, becoming rapidly equivalent to the binding energy of the broad peak in the normal state as one moves away from the region near ͑p, 0͒ [13] . In the orthogonal direction ( Fig. 3b ), since the hump initially disperses towards the ͑p, 0͒ ! ͑p, p͒ Fermi crossing, which is known to be a weak function of doping [10] , one obtains the rather dramatic effect that the dispersion becomes stronger with underdoping. We also note that there is an energy separation between the peak and the hump due to the spectral dip. In essence, the hump disperses towards the spectral dip, but cannot cross it, with its weight dropping strongly as the dip energy is approached. Beyond this point, one sees evidence of the dispersion bending back to higher binding energy for more underdoped samples. Figure 4a shows the evolution of the low temperature spectra at the ͑p, 0͒ point as a function of doping. The sharp quasiparticle peak moves to higher energy, indicating that the gap increases with underdoping [14] (although this is difficult to see on the scale of Fig. 4a ). We see that the hump moves rapidly to higher energy with underdoping [15] . These trends can be seen very clearly in Fig. 4b , where the energy of the peak and hump are shown as a function of doping for a large number of samples. Finally, we observe that the quasiparticle peak loses spectral weight with increasing underdoping, as expected for a doped Mott insulator; in addition, the hump also loses spectral weight, though less rapidly.
The hump below T c is clearly related to the superconducting gap, given the weak doping dependence of the ratio between the hump and quasiparticle peak positions at ͑p, 0͒, shown in Fig. 4c . Tunneling data find this same correlation on a wide variety of high-T c materials whose energy gaps vary by a factor of 30 [16] . We have additional strong evidence [1, 13] that the peak and hump do not arise from two different "bands."
Thus, the peak, dip, and hump are features of a single spectral function, and imply a strong frequency dependence of the superconducting state self-energy (a "strongcoupling effect"). The hump represents the energy scale at which the spectral function below T c matches onto that in the normal state (as evident from the data in the bottom curve of Fig. 1b ). However, the existence of the dip requires additional structure in the self-energy. We had suggested that this structure can be naturally understood in terms of electrons interacting with a sharp collective mode [13, 17] below T c , which also leads to an explana- tion of the nontrivial dispersion, as discussed below. It was speculated that the mode was the same as that observed directly by neutron scattering in YBa 2 Cu 3 O 7 [3, 4] , and more recently in Bi2212 [18, 19] .
To motivate the analysis below that firmly establishes the mode interpretation of ARPES spectra and its connection with neutron data, we need to recall [13, 17] that the spectral dip represents a pairing induced gap in the incoherent part of the spectral function at ͑p, 0͒ occurring at an energy D 1 V 0 , where D is the superconducting gap and V 0 is the mode energy. We can estimate the mode energy from ARPES data from the energy difference between the dip (D 1 V 0 ) and the quasiparticle peak (D).
In Fig. 5b we plot the mode energy as estimated from ARPES for various doping levels as a function of T c and compare it with neutron measurements. We find striking agreement both in terms of the energy scale and its doping dependence [5] . We note that the mode energy inferred from ARPES decreases with doping, just like the neutron data, unlike the gap energy ( Fig. 4b) , which increases. This can be seen directly in the raw data, shown in Fig. 5a . Moreover, there is strong correlation between the temperature dependences in the ARPES and neutron data. While neutrons see a sharp mode only below T c , a smeared out remnant persists up to T ‫ء‬ [20] . As the sharpness of the mode is responsible for the sharp spectral dip, one then sees the correlation with ARPES where the dip disappears above T c , but with a remnant of the hump persisting to T ‫ء‬ .
An important feature of the neutron data is that the mode exists only in a narrow momentum range about ͑p, p͒ and is magnetic in origin [4] . To see a further connection with ARPES, we return to the results of Fig. 3 . Note the dispersion along the two orthogonal directions are similar (Fig. 3c ), unlike the dispersion inferred in the showing the decrease in the energy separation of the peak and dip with underdoping. Peak and dip locations were obtained by independent polynomial fits and carefully checked for the effects of energy resolution. ( b) Doping dependence of the collective mode energy inferred from ARPES together with that inferred from neutron data (for the latter, YBCO results as compiled in Ref. [5] , Bi2212 results of Refs. [18] and [19] ). normal state [1] . As these two directions are related by a ͑p, p͒ translation [͑x, 0͒ ϵ ͑0, 2x͒; ͑0, 2x͒ 1 ͑p, p͒ ͑p, p 2 x͒], we see that the hump dispersion is clearly reflecting the ͑p, p͒ nature of the collective mode. This dispersion is also consistent with a number of models [21, 22] in the literature which identify the high energy feature in the pseudogap regime as a remnant of the insulating magnet. We note, though, that the mode is due to quasiparticle pair creation and thus not just a continuation of the spin wave mode from the antiferromagnet [23] .
This brings up a question that is at the heart of the high T c problem: how can a feature which can be understood as a strong-coupling effect of superconductivity, as discussed above, turn out to have a dispersion that resembles that of a magnetic insulator? The reason is that the collective mode has the same wave vector, ͑p, p͒, which characterizes the magnetic order of the insulator. It is easy to demonstrate that in the limit that the mode energy goes to zero (long range order), one actually reproduces a symmetric dispersion similar to that in Fig. 3c , with the spectral gap determined by the strength of the mode [21] . This is in accord with the increase in the hump energy with underdoping ( Fig. 4b) tracking the rise in the neutron mode intensity [5] . Since the hump scales with the superconducting gap, the obvious implication is that the mode is intimately connected with pairing, a conclusion which can also be made by relating the mode to the superconducting condensation energy [24] . That is, high T c superconductivity is likely due to the same magnetic correlations which characterize the insulator and give rise to the mode.
